The shear strength of the Cr/Cr-Cu/Cu UBM structure in both the high-melting solder bump and low-melting solder bump after aging were evaluated. SEM and TEM were examined in the intermetallic compounds and bump joint profiles at the interface between solder and UBM. The shear load concentrated on the bump was analyzed by finite element method. In 900-hour aging experiments, the maximum shear strength of Sn-97 mass%Pb and Sn-37 mass%Pb decreased by 25% and 20%, respectively. The growth of Cu 6 Sn 5 and Cu 3 Sn was ascertained by the aging treatment. The crack path changes from the interior of a solder to the intermetallic compound interface was evaluated. Compared with the Cu-Sn IMC, the amount of Ni-Sn IMC was small. The Ni layer is considered as the diffusion barrier.
Introduction
As array area components have become smaller, the electronics industry has required smaller, lighter electronic components with higher working speed, to use in improving electrical performance of communication systems. Recently, there has been a great demand for development of semiconductor package technologies, such as chip scale package (CSP), multi chip package (MCP), flip chip package (FCP), and so on. 1) Among the package technologies, the flip chip technology, which uses the micro solder, directly attaches chips to land pads, which are used in semiconductors that require speed greater than 300 MHz. As the package become smaller, it is necessary to investigate the reliability of the fine joint area. 2, 3) The intermetallic compound (IMC), grows at the solder and at the under bump metallurgy (UBM) interface at the practical operating temperature during the reflow process and eventually forms the solder bump. The IMC at the interface of the solder and the UBM causes cracks at the solder joint area owing to brittleness, and weakens the overall joint strength. [4] [5] [6] [7] [8] In this paper, the 110 µm diameter solder bump was formed on the surface of a 32M SRAM die pad, and the mechanical joint strength between the solder and UBM before and after isothermal aging treatment was measured in the shear experiment. The growth behavior of IMC was also evaluated. Finally, the shear strength according to aging treatment in micro solder bump required for flip chip technology was investigated.
Experimental Details
The chip dimension was 8.0 mm× 15.0 mm× 500 µm, and 130 bumps were mounted on the chip surface by electroplating. The bump size was 110 µm in diameter and 150 µm in pitch. The height of the bump was 100 ± 18 µm. The UBM * Graduate Student, Chung-Ang University. structure was Cr(5000 nm)/Cr-Cu(15000 nm)/Cu(60000 nm). The pad open sizes are 50 µm for the passivation layer and 70 µm for the polyimide layer, respectively. In particular, when the high-melting Sn-97 mass%Pb solder was used, a thick Cu layer was used to prevent complete consumption of the Cu. The overall reflow time was five minutes, and the velocity of the conveyer was 0.55 m/min. The peak reflow temperature of Sn-97 mass%Pb and Sn-37 mass%Pb were 593 ± 278 K and 503 ± 278 K for 5 seconds, respectively. The time for liquid state was 60 seconds. WS613 water-soluble flux was used to remove the oxides and to form a uniform bump. The reflow temperature was controlled to restrain the IMC reaction by maintaining uniform melting of the solder bump, and to shorten the time of reaction with the UBM.
After the samples underwent aging treatment that enables the IMC to grow quickly, shear strength was measured. The samples were aged at the isothermal treatment of 448 K for 0, 300, 600, 900 hours. The bonding test machine (PTR-1000) measured the shear strength. The tip of the machine moved at 0.2 mm/s. The distance between the chip and the tip was 2 µm. The shear strengths of two samples were measured each at 40 bumps. And the average value was calculated, discarding the maximum and the minimum values.
Scanning electron microscopy (SEM) connected to an energy dispersive spectroscopy (EDS) was used to examine the IMC layer on the surface of the ground sample. Highresolution transmission electron microscopy (HRTEM, JEM-2010) was used to observe the microscopic structure. Using the focused ion beam (FIB) that has Ga + ion source at acceleration voltage of 50 kV, TEM sample was prepared. Finally, electron-transparent sample was made by micro milling with a 100 pA ion beam. TEM with acceleration voltage of 200 kV was used. Compared with other constituent layers of the package, the smaller UBM layer was analyzed by finite element analysis (FEA). Considering the length to width ratio for analysis, the model was simplified to contain the UBM, the solder bump, the aluminum pad, the passivation and the polyimide layer. Analysis model is composed of 1495 nodes and 458 elements. The displacement in the lower part of the pad was constrained in x-direction, and the origin in the coordinate axis was constrained in both x-and y-direction. In the shear strength test, a 50000 mN load was applied to a point on the solder bump in contact with the tip. Figure 1 shows the shear strengths of Sn-97 mass%Pb and Sn-37 mass%Pb solders at various aging times at 448 K. The results show that the shear strength tends to decrease with aging time. The average initial shear strength of Sn-97 mass%Pb was 353 mN, but its shear strength after 900 hours of aging was 265 mN, a decrease of about 25% from the maximum value. The initial shear strength of Sn-37 mass%Pb was 617 mN. Its shear strength, after 300 hours of aging, tended to increase to 725 mN, but decreased to 578 mN after 900 hours of aging, a decrease of about 20% from maximum value. The small shear strength of Sn-97 mass%Pb may be due to the low mechanical strength of solder itself. On the other hand, the increase of the shear strength of the Sn-37 mass%Pb sample after 300 hours of aging may be attributed to the increase in the thickness of IMC layer. Exceeding this critical point the shear strength of the sample decreased. The thickness of IMC layer did not exceed the critical thickness value up to the aging for 300 hours, and the critical thickness value in that is 3.3 µm. Figure 2 shows the shear-fractured surfaces of the two different solders before aging. They indicate the ductile fracture associated with Pb in the solder. The white arrows in Fig. 2 and Fig. 3 represent the direction of the tester tip in the shear test. Figure 3 shows the shear-fractured surfaces after the aging for 900 hours. In Fig. 3(a) , the shape of an inverted triangle, which means that the lower part (meaning the initial contact area of the shear test) is narrow but the higher part (the end contact area) is wide because the ductile deformation mode of the large content of Pb stands out. On the other hand, Fig.  3(b) shows that the fractured surface remained relatively circular corresponding to the contact forms of the UBM and the solder. Figure 4 shows the result of EDS analysis of the Sn-97 mass%Pb sample after it was aged for 900 hours. The Cu elements detected at the fractured surface of the sample after aging indicated the exposure of IMC formed between Cu and Sn. There were no detected Cu elements up to 600 hours of aging. This means that shear failure occurred inside of the solder not at the UBM multi-layer, which, in turn, suggests that the joint connecting the solder and the UBM was firm. However, the path of fracture gradually moved from inside of the solder to interface of the IMC layer as Cu elements increased to 0.78 mass% after the aging for 900 hours. Consequently, the IMC growth and grain coarsening decrease the shear strength. Figure 5 shows the IMC layer at the cross-sectional surfaces of two different samples that were aged for 900 hours. The IMC layer clearly appeared in the sample of Sn-37 mass%Pb. Cu 6 Sn 5 was detected initially at the joint before the aging, while Cu 3 Sn as well as Cu 6 Sn 5 was detected after the aging. Cu 6 Sn 5 formed in the solder side between the solder and Cu. It is produced due to the high solubility of Cu (about 2 at%) and the high diffusion coefficient of Cu (1.8 × 10 −4 cm 2 /s) in the liquid phase solder. Cu 3 Sn was not detected in the initial joint because the nucleus of Cu 3 Sn is more difficult to generated than that of Cu 6 Sn 5 .
Results and Discussion
4) Cu 3 Sn IMC grows as Cu 6 Sn 5 is consumed when Cu diffuses to the solder. Figure 5 Energy, E / keV layer, before the aging and about 8.5 µm thick IMC layer after the aging for 900 hours in Sn-37 mass%Pb solder. IMC layer grew quickly as the aging time increased. The growth rate of the Sn-97 mass%Pb solder gradually decreased as the aging time increased, however, about 0.45 µm thick IMC layer formed before the aging. A scallop-shape IMC of two kinds of solders grew in the interface. Figures 5(c) and (d) represent the results of EDS analysis of Cu 6 Sn 5 and Cu 3 Sn. Figure  6 shows the comparison of growth between the two kinds of solders as a function of the aging time. The thickness of the interfacial IMC layer was uneven, and therefore, the mean thickness of the IMC layer was calculated by dividing the value of the sectional area by the length of the base. In Sn-97 mass%Pb, IMC layer was thinner and its growth rate was slower than in Sn-37 mass%Pb. The Sn 3 mass%, the element of the solder, was too small amount to vigorously react with Cu. As shown in figure, Cu-Sn(Cu 6 Sn 5 + Cu 3 Sn) IMC grew in the shape of straight line until the aging below 900 hours. However, the thickness growth of the sample that had been aged for over 1500 hours was parabolic. Shaefer et al. reported that the growth of IMC layer is controlled by the diffusion. 8 ) Figure 7 represents the IMC that is formed at the interface between the solder and UBM. They are the additional processes need to join the Sn-37 mass%Pb solder bump on the die pad to the bismaleimide triazine substrate, which is the underfill curing at the temperature of 438 K for 30 minutes and then one reflow soldering. The UBM with Ti(30000 nm)/Ti-Ni(25000 nm)/Ni(200000 nm) structure was formed, and compared with the Cr/Cr-Cu/Cu structure. The scallop-shaped Ni 3 Sn 4 layer of about 2.7 µm thickness was formed. Compared with the thickness of the IMC layer at aging, IMC layer grew faster in a shorter time. The thickness of the Ni-Sn UBM was thiner than that of Cu-Sn IMC because the diffusion coefficient of Ni is smaller than that of Cu in both of liquid-state and solid-state. Accordingly, the growth of the IMC depends more on the temperature of the reflow soldering condition than on that of the aging condition.
As the above results, the slow growth rate at the aging condition as compared the growth rate at the reflow soldering condition is caused by the solid-state diffusion. The aging is the diffusion process in solid-state while the soldering process is the fusion process. The growth rate in solid-state diffusion is slower than in the fusion process because the diffusion controlled the growth rate. Sn-97wt Pb Sn-37wt Pb Fig. 6 The relation between IMC thickness and aging time for two Sn-Pb Alloys.
matrix as well as the thermodynamic driving force. Generally, the activation energy barrier needed to grow the nucleus diminishes as the driving force increases and the interfacial energy between the nucleus and the matrix phase decreases. In addition, Fig. 8(a) shows the dark area on the upper side of the IMC. This area is believed to be caused by the sample preparation that uses the FIB. The projecting shape is due to an excess grind. To predict the strain and the concentration of the stress, FEA was carried out, and the results are shown in Fig. 9 . The maximum stress concentration was calculated at the joint between the solder bump and UBM, where the initial fracture occurred. However, the stress distribution was broad inside the solder bump. This broadness means that the fracture occurs inside the solder. These results agree well with the results of the shear strength experiment, in which aging was carried out for less than 600 hours.
Conclusion
Sn-97 mass%Pb and Sn-37 mass%Pb solder bumps were prepared on the surface of 32M SRAM die pad. The shear strength and fractured shape were analyzed according to aging treatment, and reliability between the solder and UBM was measured. The changes of the IMC growth were also evaluated. The conclusions of this study are summarized as followings.
(1) As the aging time increased, the shear strength of the two kinds of the solders decreased. Shear strengths of the Sn-97 mass%Pb and Sn-37 mass%Pb that were aged for 900 hours decreased by 25% and 20%, respectively.
(2) The sample that was aged up to 600 hours fractured not at the multi-layer of UBM but inside the solder nearby the interfacial reaction layer. The faction at this location means that the joint between the UBM and the solder was firm. However, the fracture area in the sample after the aging over 900 hours moved from the inside of the solder to the interface of IMC layer.
(3) The IMC that was formed in the interface between Sn-37 mass%Pb solder and Cr/Cr-Cu/Cu layer was only Cu 6 Sn 5 in the initial stage. On the other hand, the Cu 3 Sn as well as Cu 6 Sn 5 was formed after aging at high temperature for a long time. The compound that is formed interface of Ti/Ti-Ni/Ni is Ni 3 Sn 4 .
(4) The result of FEA showed that the stress was concentrated at the same area where the initial fractured had been observed.
